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ABSTRACT 
Excitation spectroscopy gives direct insight in excited state manifold, energy transfer, transient 
intermediates, vibrations, etc. Unfortunately, excitation spectroscopy of single molecules at 
ambient conditions has remained challenging. Here, we present excitation spectra alongside 
emission spectra of the same individual light harvesting complex LH2 of the purple bacteria Rps. 
acidophila. Acquisition of both the excited and ground state spectra allows to quantify disorder 
and interband correlations, which are key variables for the interpretation of observed long-lasting 
coherences. We have overcome the low photostability and small fluorescence quantum yield, 
inherent to many biologically relevant systems, by combining single molecule Fourier transform 
spectroscopy, low excitation intensities, and effective data analysis. We find that LH2 complexes 
show little spectral variation (130-170 cm-1), that their two absorption bands (B800-B850) act 
uncorrelated, and that the Stokes shift is not constant. The low amount of spectral disorder 
underlines the protective role of the protein scaffold, benefitting the efficient energy transport 
throughout the light-harvesting membrane. 
  
KEYWORDS Single Molecule, Fourier-transform spectroscopy, spectral variability, disorder, 
Stokes shift, light harvesting complex LH2.  
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Over billions of years, Nature has developed and optimized an efficient and sustainable method 
to produce energy: photosynthesis. The process begins with the capturing of light energy by light-
harvesting antenna complexes, which is then dissipated via excitonic transfer to a reaction center 
where the photochemical energy conversion takes place. The antenna complexes are quite robust 
to environmental changes; they are able to handle several magnitudes of light intensity1,2, they 
adapt to spectral changes1 and the photon energy transfer has 80-95% efficiency under ideal 
conditions3,4.  
As the main actors in the capturing of energy to fuel life on Earth, light-harvesting complexes 
have been investigated by a wide range of spectroscopies5–9. Especially in the last decade, two-
dimensional electron spectroscopy (2D-ES) has revealed intrinsic details on the internal coupling 
and energy transfer paths of the multi-chromophoric antenna complexes5,10,11 including persistent 
coherent responses which have been observed even under physiological conditions5,12–14. In 
ensemble measurements, the collective oscillatory response over many complexes is measured. 
The spectral and dynamical disorder due to variations in the dipolar interactions between the 
chromophores of different complexes often makes it too complex to interpret in detail. At the 
single complex level, the individual oscillatory traces are resolved at the cost of weak signals13.  
Due to its highly symmetric structure15,16, the light harvesting complex LH2, a pigment-protein 
complex of the purple bacteria Rps. Acidophila, has been studied extensively at both cryogenic17–
22 and ambient2,23,24 temperatures.  It contains 27 bacteriochlorophyll (BChl a) pigments that are 
arranged into two concentric rings called B800 and B850 according to their absorption maxima. 
The nine well-separated pigments of the B800 ring act localized and the 18 tightly packed pigments 
of the B850 ring form a delocalized excitonic state. Emission occurs from the B850 band, with a 
fluorescence quantum yield of about 10%. The spectra of single LH2 complexes were first resolved 
at cryogenic temperature, revealing individual chromophore bands, coupling in broadened 
excitonic bands, heterogeneity, energy disorder, spectral diffusion, and polarization response25. 
Under physiological conditions, the inherent low fluorescence quantum yield, and limited 
photostability has so far constrained single complex studies to the recording of emission spectra, 
where spectral inhomogeneities including intrinsic and environmentally induced spectral 
variability and photoinduced spectral diffusion, jumps, and blinking manifest themselves2.  
Recently, we have addressed the excited state energy transfer dynamics of single LH2 complexes 
under ambient conditions by fs pump-probe excitation, revealing transient fs traces that exhibit 
long-lived quantum coherences with oscillation periods between 140 and 400 fs13. This large 
spread is related to the distribution in energy disorder between complexes, which is an important 
parameter in the modeling and interpretation of the behavior of LH226. While some tentative 
conclusions about the excited state behavior can be drawn from single complex emission 
spectra17,24,27,28, the actual spectra of the excited state manifold, where these coherences take place, 
are still lacking. Therefore, it would be a great asset both to experiments and to modeling to acquire 
single complex excitation and emission spectra available side by side.  
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In this Letter, we quantify the inhomogeneity of the excitation and emission bands and their 
mutual correlations. We focus on the variation in spectral band positions and interband distances 
with a special interest in the Stokes shift. To measure the excitation spectra, we adapted our robust 
Fourier transform excitation spectroscopy29 to operate at the low light conditions required to avoid 
photoactivated effects and stably record individual LH2 complexes. Due to its ability to measure 
weakly fluorescing, instable particles, the approach can be applied to a broad range of systems. 
We measured excitation and emission spectra of hundreds of individual LH2 complexes with 
the 750 – 880 nm wavelength range of a broadband laser (Octavius-85M, Thorlabs). Either the 
spectrally separated B800 and emission bands were measured simultaneously, or the spectrally 
overlapping full excitation and emission spectra were measured sequentially. When measuring 
sequentially, the switching between the two microscope ports and excitation bandwidths occurred 
manually and took a few seconds. To ensure the signal stability in this case, first an excitation 
spectrum was measured, then an emission spectrum, and finally another excitation spectrum. In 
case of significant differences between the two excitation spectra the results were discarded. All 
measurements were performed at low excitation powers around 100W/cm2 to avoid photoactivated 
spectral instabilities23 and saturation effects30, both of which already emerge at moderate excitation 
powers. Going to higher powers would significantly reduce the photostability without gaining 
much signal strength due to saturation. The results of the simultaneous and sequential measured 
are presented without distinction when not explicitly stated otherwise.  
For the excitation spectra, interferograms were recorded with a delay line, which was 
continuously scanned over approximately 400 fs (600 µm) with a speed of 1 nm/s, resulting in 1 
scan per minute. Around 10-30 fluorescence counts were obtained for time bins of 20ms after 
subtraction of the interferogram of the laser light leaking through the filters (around 2 
counts/20ms). Figure 1a shows an example of four consecutive scans using the full spectral width 
on a somewhat unstable LH2 complex exhibiting some blinking. The low fluorescence quantum 
yield together with the low excitation power resulted in a poor signal-to-noise ratio, which needed 
to be countered by careful data processing.  Figure 1b demonstrates the effect of the data 
processing on the scans. A single scan (red) has a noticeably lower signal-to-noise ratio than the 
four averaged scans, for which all blinking events are excluded from the averaging (green). 
Consequentially, the applied Hann-window suppresses the signal far from time zero, which mainly 
consists of noise (blue). Figure 1c shows the corresponding excitation spectra which were 
obtained by a Fourier transformation followed by a division by the laser spectrum added in gray 
to the last graph29. The two absorption bands become visible only after averaging and removal of 
the blinking events while the spectra become much smoother after windowing. Increasing the 
sampling frequency through zero-padding (black dashed lines) resolves the peaks better without 
changing the results otherwise. Emission spectra were recorded as an accumulation of 1 s 




Figure 1 Single molecule Fourier-transform excitation spectroscopy. (a) Four consecutive 
time delay scans of the same single LH2 complex. (b) The first scan (red), the 4 corrected scans 
averaged (green) also with windowing added (blue). (c) Resulting excitation spectrum after 
Fourier transformation of the interferograms of (b) and division by the laser spectrum. The 
dashed black lines have zero-padding added to increase the sampling frequency and the vertical 
lines are added as a guide to the eye. The laser excitation spectrum is shown in gray. 
Figure 2a shows the spectrum obtained when summing the not-normalized spectra of hundreds 
of individual complexes (solid lines). The same graph also shows the average over ensemble 
spectra measured on 12 different positions of a thin film sample (dashed lines). For the thin film 
and the single complex studies, the same sample preparation and measurement protocols were used 
and only the concentration of LH2 complexes changed. The sum spectrum resembles the thin film 
spectrum well despite the spectral heterogeneity of the individual spectra even though LH2 
complexes were mainly surrounded by other LH2 complexes in the thin film sample, and by the 
polymer matrix in the single LH2 sample. This demonstrates the effectiveness of the protein 
scaffold of the LH2 complexes at protecting the pigments from their environment. Figure 2b-f 
shows representative examples of excitation and emission spectra measured sequentially on 
individual LH2 complexes where the B850 band varies between approximately 840 nm and 870 
nm, while the emission spectrum remains at a relatively constant position. The subtle differences 
between the individual spectra will be studied statistically in the following.  
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Figure 2: Single LH2 room temperature excitation and emission spectra. (a) The sum of all 
measured excitation (blue) and emission (red) spectra alongside the thin film spectra (black dashed 
line). (b-f) Excitation (blue) and emission (red) spectra of five distinct LH2 complexes showing 
differences in B850 band position while having comparable emission spectra. Dashed lines: thin 
film results.  
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 B800 B850 Emission 
Sum spectrum 796.5 nm 853.8 nm 864.7 nm 
Thin film spectrum 796.1 (0.2) nm 853.8 (0.5) nm 864.8 (1.1) nm 
Single complex 796.1 (3.6) nm 853.7 (5.4) nm 866.0 (5.4) nm 
Table 1 Peak positions. The band positions for the sum of all single complex spectra, and the 
average (and standard deviation) for individual thin film, and single complex measurements. 
To quantify the results, the peak positions of the sum, thin film and single complex spectra were 
determined using the peak finder function of Matlab for the excitation spectra and a skewed 
Gaussian fit2 for the emission spectra. Table 1 gives the average values of the band positions (and 
their standard deviation). The three values agree well with one other even though the B800 and 
emission band are blue-shifted by approximately 3 nm and the B850 band by 5 nm compared to 
thin film ensemble results published elsewhere6. Small offsets in the spectral calibration cannot be 
completely ruled out but since the B800 and B850 band were measured together, their interband 
distance should be conserved. We therefore assign this discrepancy to differences in the sample 
preparation conditions and environments6,17,31. 
  
Figure 3: Distribution of peak positions and interband distances. (a) The distribution of the 
position of the B800 (dark blue), B850 (light blue) and emission (red) band. (b) The interband 
distance between B850 – emission, i.e. Stokes shift (dark green), B800-B850 (blue) and B800-
emission (light green).   
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Figure 3a depicts the distribution of the peak positions of the excitation and emission bands for 
a better visualization of the spectral variability. The dashed lines indicate the average values of the 
thin film measurements for comparison. The distribution of the B800 band (dark blue, FWHM 133 
cm-1) is narrower than that of the B850 band (light blue, FWHM 173 cm-1) or the emission band 
(red, FWHM 168 cm-1), which have a similar width. This is because the chromophores of the B800 
ring are weakly coupled, which makes them less sensitive to environmental changes than the 
strongly coupled B850 ring, and which leads to a narrower B800 distribution. Emission takes place 
from the B850 band, which is reflected in the similar widths of the two distributions. Previous 
measurements on emission spectra already reported that the distribution of peak position broadens 
significantly for higher excitation powers23. The narrowness of the distribution observed here 
confirms that we are in a weak excitation regime where we avoided photoinduced effects to best 
resemble physiological conditions. 
 B800 – B850 B800 – Emission Stokes shift 
Sum spectrum 843 cm-1 978 cm-1 136 cm-1 
Thin film spectrum 848 (8) cm-1 991 (6) cm-1 144 (9) cm-1 
Single complex 845 (96) cm-1 1019 (96) cm-1 177 (58) cm-1 
Table 2: Interband distances. The interband distances between the two absorption and the 
emission band the sum of all single complex spectra, and the average (and standard deviation) for 
individual thin film, and single complex measurements. 
As was already apparent from Figure 2, the interband distances are not constant, but vary from 
complex to complex. Table 2 summarizes these distances, and the sum, thin film and single 
complex spectra are in agreement. Figure 3b shows the distribution of the interband distances 
between the B850 and the emission band, i.e. the Stokes shift (dark green, FWHM 135 cm-1), the 
B800 and B850 band (blue, FWHM 226 cm-1) as well as the B800 and emission band (light green, 
FWHM 225 cm-1). Dashed lines again indicate the corresponding thin film values. Even though 
the spectral position of the B850 and emission band have a wider distribution than the B800 band, 
their interband distance is the least variable. This pinpoints towards a correlation between the B850 
and emission band position.  
To verify this correlation, we relate the individual peak positions in scatter plots in Figure 4 with 
the complexes presented in Figure 2 highlighted in red. The B800 band position is indeed 
uncorrelated with either the B850 or emission band (Figure 4a resp. b) while the B850 and 
emission band positions exhibit a linear correlation (Figure 4c). This reinforces the observation 
that the B800 and B850 bands react independently to their nanoenvironment due to different 
coupling strengths between their pigments. Emission takes place from the B850 band, so that these 





Figure 4: Scatter plots of band positions. (a) B800 vs B850 band, (b) B800 vs emission band 
and (c) B850 vs emission band. The dashed line indicates the interpolated value of the thin film 
result assuming a constant Stokes shift and the dotted line the total least square fit. The solid gray 
line is the unit-line. The red dots correspond to the spectra in Figure 2. 
Still, the correlation in Figure 4c exhibits a wide distribution of points over a relatively narrow 
spectral range, making it difficult to determine the linear dependency of the Stokes shift on the 
band position. Interpolating the thin film results under the assumption of a constant Stokes shift, 
i.e. a line with slope 1, appears to be a good first approximation (dashed line). With a total least 
square fit, a slope of 1.2 is obtained, resulting in a larger Stokes shift for more red-shifted 
complexes (dotted line). This reinforces the model presented by Novoderezhkin et al. which 
predicted this behavior as a consequence of static disorder and differences in couplings to 
phonons27. In their model, spectra shifted to higher wavelengths featured excitonic energy levels 
that were more split, leading to fluorescence emission mainly occurring from more red-shifted 
energy levels. Still the spread in Stokes shift is much larger than the maximum inaccuracy for the 
interband distances of about 30 cm-1, estimated from repeated measurements on the same weakly 
fluorescing complexes, so that the slope only represents a general trend.  
The dashed line in Figure 4c is located towards the bottom of the data points of the scatter plot 
because the mean position of the sum and thin film results which are blue-shifted by about 1.5 nm 
with respect to the single complex emission spectra (see Table 1). This difference can be explained 
by an on average larger peak intensity for blue-shifted complexes, whose positions are then 
weighted more in the case of sum and thin film spectra, but not for the single complex case. The 
excitation spectra did not exhibit the same intensity bias because their intensity scales with the 
total rather than the peak fluorescence intensity. For brighter, blue-shifted complexes, a larger 
fraction of the total fluorescence intensity is blocked by the laser cleanup filter, resulting in 
comparable intensities for all spectral positions. The one-sided intensity bias consequentially 
resulted in a difference of around 35 cm-1 between the Stokes shift measured on individual 
complexes and the ensemble (see Table 2). This illustrates how going to the single particle level 
does not only lift the ensemble average, but also removes biases imposed by the experimental 
parameters.  
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Overall, we have demonstrated that it is feasible to record excitation and emission spectra of 
individual LH2 complexes under physiological conditions. For this, we have matured our 
broadband Fourier transform excitation spectroscopy method from proof-of-principle experiments 
on synthetic dyes to measurements on biologically relevant systems, demonstrating its potential as 
a spectroscopic tool to access to the excited state manifold. The instability inherent to LH2 
complexes at room temperature was circumvented by going to low excitation powers while the 
resulting low signal levels were overcome by effective data analysis. The results show a 
remarkably little spectral variation (130-170 cm-1), far below that observed for isolated dye 
molecules. The lack of correlation between the B800 and B850 band manifests that the two rings 
react to environmental changes independently, one being weakly and the other strongly coupled. 
The single complex Stokes shift showed variations and the shift is on average larger for red-shifted 
complexes and about 20% larger than the ensemble Stokes shift. With the quantification of this 
disorder, we provided important variables for both models and the interpretation of experimental 
results, which will not least help with the interpretation of the observed long-lasting coherences. 
This method can be applied to a wide range of systems including those that are weakly fluorescing 
or with low photostability. 
 
Experimental Methods 
Sample preparation. LH2 was purified from Rps. acidophila (strain 10050)32, diluted in aqueous PVA solution (10mM 
Na2HPO4 pH 8.1, 0.03% α-dodecyl maltoside) and spin-coated on a #1 glass coverslip at 1500 rpm for 60 s. For single molecule 
studies the dilution was 80000x and for the thin film 12x. Oxygen was removed from the sample by a constant nitrogen flow.  
Excitation-emission setup. The experimental setup was adapted from [29]. The 750 – 880 nm wavelength range of a broadband 
laser was selected and propagated through the interferometer (NRT 100/M, Thorlabs or M-230.10, Physik Instrumente). In the 
microscope, the interfering pulse pairs were reflected from a 10/90 beamsplitter and focused to a diffraction-limited spot on the 
sample (1.4NA, 60x, Nikon Plan Apo λ). The fluorescence was collected in reflection and sent to the EMCCD camera for emission 
spectroscopy or to the APD for confocal optical imaging and excitation spectroscopy. Excitation took place with about 6 µW light 
intensity measured at the microscope entrance (~100W/cm2 at sample). For the simultaneous measurements, the laser above 820 
nm was blocked (tilted 842SP, Semrock) and the laser light was blocked in the detection path (2x830LP, Semrock). Using a 50/50 
beamsplitter, the fluorescence signal was then sent to an electron-multiplying charge-coupled device (EMCCD) camera (Newton 
971, Andor) for the emission spectra and an avalanche photo diode (APD, Perkin-Elmer) for the excitation spectra. For sequential 
measurement, emission spectra were measured the same way as for the simultaneous measurements. Excitation spectra were 
recorded with the full laser bandwidth and detected by the APD at a separate microscope output port (2x885LP, AHF). 
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